The results of investigations on pyrolysis and oxidation of pure polyacrylonitrile (PAN) and its mixture with N,Ndimethylformamide (DMF) under non-isothermal conditions at linear change of samples temperature in time are presented. In each case process proceeded in different way. During pyrolysis of pure PAN the material containing mainly the product after PAN cyclization was obtained, while pyrolysis of PAN+DMF mixture gave the product after cyclization and stabilization. Under conditions of measurements, in both temperature ranges, series of gaseous products were formed.
INTRODUCTION *
Polyacrylonitrile (PAN) is a widely used precursor for manufacturing carbon materials with very interesting mechanical, electrical and magnetic properties and high thermal and chemical resistance. These materials found application in aircraft and automotive industry, in electronics and as adsorbents and filters for water and gases treatment [1 -28] . Nowadays PAN is also used as precursor during synthesis of transition metals and silicon carbides and nitrides. [2] .
The age of carbon fibres derived from PAN started in year 1960, when A. Shindo, for the first time, subjected polyacrylonitrile to oxidation, before the pyrolysis process [13] .
Products of PAN pyrolysis form thermally stable, organized molecular structures when they are processed by appropriate thermal treatment in low temperature called stabilization process. Stabilization is usually carried out in air. It prevents polymer from decomposition during carbonization in high temperature.
Properties of carbon material derived from PAN depend on conditions of pyrolysis, parameters of thermal treatment in high temperature and on the structure of applied polymer materials. Knowledge of characteristics of PAN thermal conversions proceeding in various systems is therefore crucial. Carbon forming from PAN is a composed process. In practice it is realized according to different procedures [5, 6, 9, 12, 14, 17, 20, 22, 24, 26] . During stabilization series of reactions proceed. Their sequence was determined on the basis of many scientific works initiated in the last century [12, 14, 16] .
Reaction of cyclization was recognized as the most important process. This could be initiated in different ways, depending on type of atmosphere, presence of copolymers and other system components [8, 20] . In reaction of cyclization generated by nitrile groups * Corresponding author. Tel.: +48-91-4494071; fax.: +48-91-4494356. E-mail address: anna.biedunkiewicz@zut.edu.pl (A. Biedunkiewicz) polymerization the material containing segments of short, ladder molecules connected by sequences of unchanged PAN polymer is formed (oligomerization). Nitrogen in the nitrile group forms the bound with the carbon of neighbouring nitrile group in the polymer chain and the six-element ring is formed.
The properties of carbon materials obtained in PAN pyrolysis and oxidation process depend on many factors. While manufacturing material according to the adopted procedure the course of PAN pyrolysis process has to be determined.
EXPERIMENTAL DETAILS
The investigations of pyrolysis and oxidation in dry air of solid PAN and PAN dissolved in DMF were carried out. PAN (purchased from Sigma-Aldrich) and DMF having a purity of 99.9 % (Sigma-Aldrich) were used. Synthetic air, (Messer, Germany) containing 20.5 % of oxygen and the rest of nitrogen was used. Impurities level was as follows: H 2 O < 10 ppm, CO 2 < 0.5 ppm, NO x < 0.1 ppm and hydrocarbons < 0.1 ppm by volume.
Thermogravimetric TG-DSC measurements were performed under non-isothermal conditions at linear change of sample temperature in time. SDT Q600 apparatus (TA Instruments) was used. Gaseous products were identified by mass spectrometry method using Thermostar GSD 301 (Pfeifer Vacuum) apparatus. Weighed amounts of the samples were in the range of 20 mg. The temperature was set between 25 °C and 800 °C. During the measurements temperature, TG, ΔTG and HF functions in time as well as the mass spectra of main gaseous products were recorded.
RESULTS AND DISCUSSION
Investigations on pyrolysis and oxidation of PAN are usually carried out by TG-DSC method. Comparing the DTA and DSC curves presented in works [4, 8, 20, 22] one can notice that shape of the first exothermal peak, related to stabilization process proceeding with oxide participation, is fuzzy or consists of two very close peaks. Elonga-tion of heating time of PAN sample in air or increasing of upper temperature above 289 °C favours super-adsorption of oxygen, increase of carbonyl C=O groups number, structural defects and degradation of ladder structure of polymer [8, 9, 12] . Maximal degradation rate occurs at temperature of about 380 °C [9] . According to the authors of work [9] the upper temperature of stabilization should not exceed 289 °C.
Reaction of cyclization starts at temperature of 180 °C and proceeds slowly up to 220 °C, above which temperature it proceeds very rapidly up to the temperature of 289 °C [8] . The selected temperature from the range of 180 °C -289 °C and time or rate of sample heating determined sufficiently stable structure of carbon material after carbonization.
During preparation of carbides precursors DMF is used as the solvent of PAN [2] . This is the most polar solvent among the group of polyacrylonitrile solvents. It strongly solvates cations and less anions. Between PAN and DMF the strong intermolecular interaction is found, what facilitates solubility of polymer in it. A complex between PAN and DMF can be formed what hinders total evaporation of DMF during the sample drying. The total removal of DMF is possible at higher temperature under conditions of PAN pyrolysis. In work [6] the courses of the pyrolysis process of solid PAN and PAN dissolved in DMF were compared. Pyrolysis was carried out at temperature of 700 °C. The gaseous products were identified by chromatographic and mass spectroscopy method. In both cases similar gaseous products were obtained. It should be added that DMF also occurred in gaseous phase what indicates strong interaction between DMF and PAN molecules. Presence of DMF in PAN pyrolysis process reduces the thermal effect of cyclization process, causes increase of initial temperature of cyclization and the maximal reaction rate of the reaction is shifted into lower temperature range.
During the heat treatment of PAN-DMF mixture in argon two peaks occurred at DTG curve [28 -30] . The first, endothermic peak referred to the conversion proceeding with mass loss and was connected with evaporation of DMF, and the second exothermal peak was connected with process of PAN cyclization.
According the state-of-art, in case of solid PAN at lower temperature cyclization and stabilization can take place. It is possible to obtain a mixtures of the products of these processes. Their identification is important for process synthesis of carbon fibres designing and also for synthesis carbides from precursor which contains PAN dissolved in DMF [2, 31] . Identification of cyclization and stabilization products is possible in oxidation process in air at higher temperature using TG-DSC-MS method. Additionally, the comparison of course of pyrolysis process of pure PAN and mixtures of PAN and DMF in air is necessary.
In case of PAN-DMF system the samples were first heated at 110 °C to strip the major part of mainly nonbonded DMF. Under measurement conditions evaporation of non-bonded rests of DMF, PAN cyclization and proceeding in parallel desorption of DMF with its decomposition, then stabilization of PAN and oxidation of conversions products can take place.
In Fig. 1 the charts of TG u and HF in time for both cases are presented. In case of pure PAN in HF curve the high exothermal peak occurs referring to cyclization. The process proceeded with mass loss. In case of PAN+DMF system the peak is low and shifted into the lower temperature range. The heat released during PAN cyclization was used during DMF desorption proceeding in parallel with cyclization.
The HF function curves in the range of reaction course of PAN conversion products oxidation are also different. In case of pure PAN first the wide peak referring to cyclization products combustion occurs and then a minor peak connected with combustion of cyclization products and PAN stabilization [4, 8, 30] . In case of PAN+DMF systems this relation is shifted in favour of second product. Performed measurements indicated also that under nonisothermal conditions process of polymer stabilisation did not proceed to completion.
In Fig. 2 TG and DTG functions in time are presented. In DTG curve concerning pure PAN two peaks occur. The first one refers to PAN cyclization and the second to oxidation of PAN conversion products at low temperature [4, 7, 20] . In case of PAN-DMF system in DTG curve four peaks are present. The first one concerns removal of free DMF rests, second one is connected with PAN cyclization process, the third one refers to desorption of DMF with its decomposition and the fourth one to oxidation of PAN conversion products formed at lower temperature.
An important complement of these measurements was identification of gaseous products. In both cases similar volatile products were evolved. In the range of lower temperature these were: CO 2 , CH 3 , NO, C 3 H 5 , C 3 H 6 , C 2 H 2 O. In case of PAN+DMF system also DMF was registered. During oxidation of PAN conversion products the following compounds were formed: CO 2 , NO 2 , C 3 H 5 , CH 3 CO, C 2 H 5 O, COOH, C 2 H 7 N. In both temperature ranges HCN and NH 3 were not registered among evolved gases. In Fig. 3 mass spectra of the main gaseous components recorded during the proceeding of above mentioned processes is shown. The presented charts distinguish well both systems. It is evident that CO 2 in case of pure PAN was educed during cyclization (first peak in the curve), during oxidation of PAN cyclization products (the first wide part of second peak) and during oxidation of the product after cyclization and stabilization (narrow part of second peak). Also other areas of the mass spectra curves are different.
In Fig. 4 mass spectra charts of products formed during the oxidation of PAN cyclization and stabilization products in dry air have been compared. During combustion in both cases similar products were formed. It should be added that such products, except of NO 2 ,were formed also during the PAN cyclization and DMF conversion. Course of PAN conversion depends also on sample heating rate. The influence of sample heating rate is shown at the example of PAN-DMF system.
The measurements were carried out at sample heating rate 2 K/min (sample weight 19.59 mg), 5 K/min (sample weight 19.58 mg) 10 K/min (sample weight 20.45 mg). The second sample, after completion of the process, was heated for 3 hours under isothermal conditions.
The results of TG u and DTG function presented in Fig. 5 indicate, that registered variables are continuous functions of temperature and time. In Fig. 6 however DTG and HF function charts are shown. At the used sample heating rates process stages were separated. In accordance with the theory of heterogeneous processes kinetics DTG and HF function curves were shifted into the higher temperature range while increasing sample heating rate. This means that the conversions can be conducted in a controllable way. It is evident that synthesizing precursors the samples can be heated up to the temperature range of 400 °C without generation of PAN cyclization and stabilization products conversion. This temperature was taken as suitable temperature for preparing precursors of carbides synthesis.
CONCLUSIONS
The results of investigations of pure PAN and PAN+DMF mixture pyrolysis and oxidation in dry air were presented. At the lower temperature range up to about 680 K cyclization and stabilization of PAN took place. At higher temperature oxidation of PAN conversion products formed at lower temperature proceeded. The course of processes was different. In case of pure PAN two stages, while in case of PAN+DMF system four stages were recorded.
In HF function curve obtained for pure PAN the high exothermal peak resulting from PAN cyclization occurred. Cyclization proceeded with the sample mass loss. During oxidation of PAN conversion products formed at lower temperature a double peak occurred in HF function curve. The first wide part referred to oxidation of cyclization products and the second narrow part of the peak concerned oxidation of PAN cyclization and stabilization products. In this case material containing mainly PAN cyclization product was obtained.
In case of PAN+DMF mixtures in HF function curve a peak connected with cyclization process occurred. The heat released during cyclization was used during desorption of DMF with its decomposition. In the range of oxidation course of PAN conversion products a narrow asymmetric peak was registered. In this case material after cyclization and stabilization was mainly obtained.
For PAN+DMF system measurements under nonisothermal conditions were performed at different sample heating rates in time. The obtained results are in accordance with theory of heterogeneous processes kinetics. Along with the increase of sample heating rate conversion rate in stages increased and the TG, DTG and HF function curves were shifted into higher temperature range. This means that pyrolysis and oxidation of PAN can be conducted in a controllable way.
